However, defects in the apoptotic pathway coupled with mutations in the tumor suppressor p53 gene observed in many tumor types may render the therapy ineffective. It is now increasingly recognized that tumor cells can be induced to die by other non-apoptotic mechanisms such as autophagy, senescence and mitotic catastrophe. [4] [5] [6] [7] The mitotic stage of the cell cycle is a good target in cancer treatments. As tumor cells divide uncontrollably, they pass through a stage that is highly vulnerable to anti-mitotic drugs more frequently compared with normal cells. Therefore, many anti-mitotic drugs, especially microtubule-targeted agents have shown considerable success in killing tumor cells by triggering mitotic death following a prolonged mitotic arrest. [8] [9] [10] Despite that, the mechanisms that regulate this form of cell death are poorly understood and little is known about the signaling events that activate the death machinery after a sustained mitotic delay. Furthermore, tumor cells can adopt other cell fates besides death during mitosis. 11, 12 The cells can exit mitosis with or without division and reenter interphase. It remains unclear why cells adopt different fates in response to drug treatment, though much research has been done to investigate this phenomenon. [13] [14] [15] It is most ideal if the tumor cells die during mitosis instead of exiting mitosis as that will lead to aneuploidy and genetic instability. Thus, it is crucial to decipher the link between mitotic arrest and cell death and elucidate the molecular events that dictate the lethal fate of cells in mitosis.
At present, mitotic death is regarded as a form of cell death that occurs after failed mitosis with apoptotic or necrotic-like features. Caspases, which are known to be the executors of apoptosis in interphase cells, 16 may or may not be involved during mitotic death. 13, [17] [18] [19] [20] [21] [22] It is noted that although caspases are activated, mitotic death may not be regarded as a classical form of apoptosis as the cellular structure and protein profiles of interphase and mitotic cells are considerably different.
Here, we report a mechanism that links prolonged mitotic arrest, caspase activation and the death machinery. We have found that caspases are activated during prolonged mitotic arrest. Activated caspase-3 cleaves condensin I subunit Cap-H, which leads to a loss of condensin I complex at the chromosomes. As such, chromosomal integrity is altered; making them susceptible to DNA fragmentation by caspaseactivated Dnase (CAD). Consequently, the cell is committed to die in mitosis in order to protect it against further genetic alterations.
Results
The mitotic chromosomal integrity is altered as cells undergo mitotic death. To study mitotic death, two antimitotic drugs, taxol and vinblastine were used. These drugs suppress the dynamics of spindle microtubules and affect spindle function by stabilizing and depolymerizing microtubules, respectively. 23, 24 Timelapse imaging was first carried out to ensure that 10 nM taxol and vinblastine were able to induce mitotic death in HeLa cells. We observed that cells began to arrest in mitosis B8-12 h after drug addition and majority of the cells died in mitosis after a prolonged arrest (Supplementary Figure S1a) . This datum confirmed that both drugs used in this study can effectively induce mitotic death.
Maintenance of chromosomal integrity is extremely crucial during mitosis. Any alteration that compromises the integrity of chromosome will lead to reduction in cell viability and eventually cell death. 25, 26 We first observed the consequences of prolonged mitotic arrest on the integrity of mitotic chromosomes. Metaphase chromosome spreads from control and drug-treated cells were prepared. Cells were collected 24 h after drug addition by mechanical shake-off in order to enrich the population of prolonged mitosis-arrested cells. We found that sustained mitotic arrest results in longitudinal shortening and widening of the chromosomes (Figure 1a) . The length and width of chromosomes were measured and the differences in these two variables between control and drug-treated samples were statistically significant at the Po0.001 level (Figure 1b) . Measurements of the chromosomes are summarized in Table 1 . Additionally, we concluded that the alteration in chromosome morphology only occurs after a long arrest in mitosis because chromosomes from early mitosis-arrested cells showed no obvious modifications (Supplementary Figure S1b) and the Student t-test analysis revealed that any differences between control and early mitosis-arrested samples were statistically insignificant. Similar change in chromosome morphology was also observed in taxol-treated A549 cells (Supplementary Figure S2a) .
The chromosomes were next analyzed by scanning electron microscopy (SEM) in order to obtain a highly magnified view of the chromosomes. SEM images revealed that chromosomes from control metaphase cells consisted of chromatin fibers that are organized in loops and coils to form a very tight and compact structure. On the contrary, chromosomes from cells that have undergone a prolonged mitotic arrest displayed surface abnormalities. The DNA was clearly less packed with more spaces between the DNA loops. Furthermore, abnormal chromatin protrusions were detected on the chromosome surface. Analysis of at least 50 chromosomes from each sample revealed that 82 and 92% of the chromosomes from taxol and vinblastine-treated cells, respectively, displayed chromosomal abnormalites as described above as compared with 6% from the control cells (Supplementary Figure S1c) . These observations further demonstrate that chromosomal integrity is altered during prolonged mitotic arrest.
The loss of chromosomal integrity facilitates DNA fragmentation during mitotic death. DNA breakage is commonly found in mammalian cells that have undergone sustained mitotic arrest. 27, 28 As the DNA repair machinery is inefficient during mitosis probably because of the condensed nature of the chromosomes, these breaks often result in reduced cell viability or cell death. 29, 30 Presence of any DNA damage was investigated by TUNEL assay. Early and late mitosis-arrested cells were collected 12 and 24 h after drug treatment, respectively. TUNEL labeling was carried out on mitotic cells as well as on individual chromosomes. Positive TUNEL labeling was only observed in cells that have been treated with drug for 24 h, which indicates presence of DNA damage. In contrast, both control mitotic and early mitosis-arrested cells displayed negative TUNEL labeling (Figure 2a) .
It is widely known that DNA fragmentation is a hallmark of apoptosis. This process is mediated by CAD after its inhibition is lifted by caspase cleavage of the inhibitor of CAD (ICAD). 31, 32 This event contributes directly to the demise of the cell during apoptosis but is hardly reported in cells undergoing mitotic death. We postulated that the loss of chromosomal integrity during prolonged mitotic arrest might facilitate DNA fragmentation and drives cell death in mitosis.
Control
Taxol ( At least 100 chromosomes in a spread were analyzed. Bar, 10 mm Activated cleaved form of caspase-3 and -7 could be detected 18 h after drug treatment and the substrate of activated caspases, ICAD was also found cleaved ( Figure 2b ). To investigate the extent of DNA fragmentation in prolonged mitosis-arrested cells, chromosomal DNA was extracted from cells at various time points following taxol or vinblastine treatment and analyzed by agarose gel electrophoresis. DNA smears and smaller fragments of chromosomal DNA can be observed at 24 and 36 h post-treatment ( Figure 2c ). Thereafter, an in-vitro DNA fragmentation assay was performed to determine the susceptibility of the chromosomes to fragmentation by nucleases. Chromosomes were isolated from control mitotic cells and cells that have undergone a prolonged mitotic arrest induced by taxol. In all 20 mg of chromosomal DNA was subjected to digestion by an excess amount of nucleases at different time intervals and only sheared chromosomal DNA fraction was analyzed by agarose gel electrophoresis. DNA shearing of the aberrant chromosomes from prolonged mitosis-arrested cells was detected after a short incubation with the nucleases. An increased amount of sheared DNA with smaller-sized DNA fragments appeared at later time points, indicating more extensive shearing of the chromosomal DNA. In contrast, less sheared DNA was collected from the control mitotic chromosomes throughout the time course ( Figure 2d ). This indicates that chromosomes from prolonged mitosis-arrested cells were susceptible to DNA cleavage whereas chromosomes from control cells were more resistant. Taken together, these data show that DNA fragmentation occurs late during prolonged mitotic arrest and it is facilitated by the loss of chromosomal integrity.
Condensin I complex is absent from the chromosomes during prolonged mitotic arrest due to the degradation of Cap-H. Condensins, which are large pentameric complexes consisting of the core structural maintenance of chromosome-2 (SMC-2) and SMC-4 heterodimer plus three The DNA was ethanol precipitated and analyzed on a 2% agarose gel. In all 10 mg of DNA was loaded in each well. Chromosomal DNA fragmentation occurred during prolonged mitotic arrest. Arrowheads indicate small DNA fragments. (d) In all 20 mg of chromosomal DNA from control and taxol-induced prolonged mitosis-arrested cells were subjected to fragmentation by excess amount of nucleases. No nucleases were added to the negative control. Only sheared DNA was collected and analyzed on a 2% agarose gel regulatory non-SMC subunits have important roles in regulating chromosome condensation, congression and maintenance of chromosomal integrity during mitosis. 33, 34 Higher eukaryotes have two condensin complexes, condensin I and II. Both contain the same core heterodimer but differ in the regulatory subunits. Condensin I is composed of Cap-D2, Cap-H and Cap-G whereas condensin II contains Cap-D3, Cap-H2 and Cap-G2. 35 To determine if the changes observed in the chromosomal integrity during mitotic death were related to condensins, protein levels and cellular localization of all condensin subunits were probed. Mitosis-arrested cells were collected by mechanical shakeoff at various time points after taxol or vinblastine treatment, followed by western blot. We observed a gradual decline in the level of Cap-H upon mitotic arrest and a gradual increase in a cleaved form of Cap-H. Other condensin subunits showed no significant changes in protein level (Figure 3a) . In addition, immunofluorescence staining revealed the absence of condensin I subunits at the chromosomes during prolonged mitotic arrest. We concluded that the loss of Cap-H protein compromises the binding of other regulatory subunits of condensin I to the chromosomes. Localization of condensin II subunits on the chromosomes was unaffected during mitotic death (Figure 3b ). Similar observations were also made for taxol-treated A549 cells (Supplementary Figure S2b) . Hence, we propose that the alteration in chromosomal integrity during prolonged mitotic arrest was due to the loss of condensin I at the chromosomes as a result of Cap-H degradation.
Cap-H is a substrate of caspase-3 and its integrity regulates mitotic death. To check whether the decline in Cap-H level during mitotic death was correlated to caspase activity, pancaspase (Z-VAD-FMK) and caspase-3 (Z-DEVD-FMK) inhibitors were used to abrogate caspase activity.
In the presence of these inhibitors, we were still able to detect Cap-H after a prolonged mitotic arrest induced by taxol, suggesting that Cap-H may be a substrate of caspases (Figure 4a ). Furthermore, concomitant treatment of HeLa cells with taxol and pancaspase inhibitor did not cause any obvious change to the chromosome morphology and Cap-H remained localized on the chromosomes (Figure 4b and c) . Hence, the degradation of Cap-H during prolonged mitotic arrest is most likely due to the activity of activated caspases.
Following that, we sought to identify potential caspase recognition sites in Cap-H in order to investigate if Cap-H is a direct substrate of caspases. It is known that executioner caspases preferentially recognizes a DXXD tetrapeptide motif and specifically cleaves after the aspartic acid residue at the fourth position. 36 Based on this convention, we identified seven potential cleavage sites on Cap-H and the aspartic acid residue was mutated to glutamic acid residue at each site (Figure 5a ). The seven mutants (D357E, D360E, D363E, D366E, D374E, D377E and D380E) were fused to either an enhanced green fluorescent protein (EGFP) or a Flag tag to distinguish them from endogenous Cap-H. We evaluated each candidate site by an in-vitro caspase-3 assay. Flagtagged Cap-H and the mutants were individually expressed in HEK cells, followed by immunoprecipitation and incubation with recombinant active caspase-3 for 0, 15 or 20 min. When the in-vitro assay products were analyzed by western blot, D363E and D366E mutants did not show any cleaved form of Cap-H. On the other hand, wild-type Cap-H and the rest of the mutants showed a gradual decline in the levels of full-length Cap-H in concomitant with the appearance of a lowermolecular-weight cleaved form (Figure 5a ). It is therefore We then expressed EGFP-tagged D366E Cap-H mutant and treated them with taxol to observe if there were any changes to the chromosome morphology and cell fate of the cells. The expression levels of both EGFP-tagged wild type and D366E Cap-H proteins were similar in HeLa cells (Figure 5b) . Fluorescence-activated cell sorting (FACS) was done to obtain EGFP-positive cells. We observed that chromosomes from cells expressing wild-type Cap-H were on average shorter and wider than chromosomes from D366E mutant cells (Table 1, Figure 5c ). Differences between the chromosome measurements of the two samples were statistically significant at the Po0.001 level. Furthermore, timelapse imaging revealed that 67% of the cells expressing EGFP-tagged D366E Cap-H were able to escape mitotic death and exit mitosis to form aneuploid cells. Conversely, only 16% of the cells expressing wild-type Cap-H were able to escape from the mitotic arrest. The remaining 84% of the cell population underwent mitotic death (Figure 5d ). These results imply that the loss of Cap-H is important in driving cells towards mitotic death after a prolonged mitotic arrest. To further verify this, we used a breast carcinoma cell-line, Mcf-7, that does not express caspase-3 37 and subjected it to taxol treatment. We first confirmed the absence of caspase-3 in Mcf-7 cells by western blot. Next, we found that the depletion of Cap-H in HeLa cells under taxol treatment was abrogated in Mcf-7 cells. Cleavage of caspase-7 and ICAD during prolonged mitosis was unaffected in Mcf-7 cells (Supplementary Figure S3a) . As expected, Cap-H was detected on the chromosome axis after prolonged mitotic arrest (Supplementary Figure S3b) . Chromosome morphology was also unaffected. Measurements of the chromosome length and width were found to be statistically insignificant between control untreated and taxol-treated cells ( Supplementary Figure S3c ). More importantly, we found that majority of Mcf-7 cells did not die in mitosis. Instead, they managed to escape from mitotic arrest to form multinucleated cells (Supplementary Figure S3d) .
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Discussion
Mitotic death helps to maintain genomic integrity by eliminating cells undergoing defective mitosis. This cell death pathway is a common outcome in cancer cells that have been treated with chemotherapeutic drugs. 6, 11, 38 Despite its importance, the molecular mechanisms that regulate the execution of the mitotic death machinery remain ambiguous. It is clear that the drugs do not target the death mechanism directly. Instead, they cause a prolonged mitotic cell arrest that leads to accumulation of intracellular stresses and these factors may have a major role in the eventual demise of the cell.
A recent study has revealed that both caspase activation and the rate of cyclin B1 degradation influence the cell's decision to die in mitosis. 13, 15 In addition, molecular factors such as the durability of the spindle assembly checkpoint, 18, 38 p73-regulated activation of Bim 39 and unscheduled activation of cyclin-dependent kinase 1 40 have been reported to regulate mitotic death. Although these findings provide some insights on what cellular components are essential, they are insufficient to address the long-standing question of how prolonged mitotic arrest can lead to cell death.
Consistent with several reports, we show that cell death effectors such as caspases and CAD are activated during mitotic death (Figure 2b ). More importantly, we are able to establish how these death effectors exert their function in a mitotic cell. During mitotic arrest, chromosomal DNA damage is observed. 27, 28 It is hitherto unknown how DNA damage can occur on a highly condensed chromosome structure. Our study provides a detailed mechanism to explain how this process occurs and how it contributes to the demise of the cell in mitosis. We have observed alteration in chromosome morphology in prolonged mitosis-arrested cells. Furthermore, by using SEM to magnify the chromosomes up to 15 000 times, we are able to detect chromosomal surface abnormalities. The DNA is less tightly packed and loops were found protruding out from the chromosome surface (Supplementary Figure S1c) . We proposed that the alteration in the chromosome structure creates accessible sites for activated CAD to cleave the DNA. This conclusion is supported by the data obtained from the in-vitro DNA fragmentation assay (Figure 2d ). We demonstrated that intact chromosomes were more resistant to nucleases activity whereas chromosomes obtained from cells undergoing mitotic death were more susceptible to DNA cleavage. In addition, the change in chromosome structure is attributed to caspase-3-mediated degradation of Cap-H (Figure 3 ). Based on these data presented here, we propose that the DNA fragmentation in mitotic chromosomes, facilitated by the loss in chromosome integrity serves as a major death signal in mitosisarrested cells.
Taken together, we have identified a novel molecular event that regulates mitotic death. Our model shows that caspase-3-mediated depletion of Cap-H is an important step of the mitotic death process ( Figure 6 ). Although the mitotic death pathway has been extensively described in the literature, to our knowledge, this is the first report to address how the mitotic death machinery is activated after a prolonged mitotic arrest. Our work here may have substantial implications in cancer therapy and drug development. Chromosome spreads and SEM. Mitotic cells were collected by mechanical shake-off and incubated in hypotonic buffer (75 mM KCl) at 371C. The cells were fixed with ice-cold fixative solution (methanol:acetic acid at 3 : 1). The fixed cells were dropped onto slides and stained with 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen) the following day. The length and width of the chromosomes were measured using Axiovision 4.6 software (Carl Zeiss, Standort Gottingen, Vertrieb, Germany) and differences in measurements between samples were analyzed by the student t-test. For subsequent analysis by SEM, the chromosome spreads were fixed overnight with 2.5% glutaraldehyde in 0.1 M cacodylate buffer containing 0.1 M sucrose. After repeated washes with distilled water, the fixed chromosome spreads were subjected to alternating treatments with 1% osmium tetroxide (Sigma) and 0.5% thiocarbohydrazide (Sigma) until the chromosomes turned black. The spreads were then dehydrated with graded acetone solutions (25, 50, 75 and 100%). Images were acquired using an EVO LS 10 scanning electron microscope (Carl Zeiss).
FACS analyses. EGFP-positive cells were sorted in a flow cytometry cell sorter (FACSAria; BD Bioscience, San Jose, CA, USA) to separate them from nontransfected cells.
Immunofluorescence staining and microscopy. Cells were incubated in hypotonic buffer at 371C for 30 min before centrifuging onto coverslips at 1000 r.p.m. for 5 min in a cytocentrifuge (Cytospin 2, Thermo/Shandon, Pittsburgh, PA, USA). The cells were permeabilized with 0.1% Triton X-100 in XBE2 (10 mM HEPES, pH 7.7, 2 mM MgCl 2 , 100 mM KCl and 5 mM EGTA) at room temperature (RT) for 2 min and then fixed with 2% paraformaldehyde in XBE2 for 15 min. After several washes with phosphate buffered saline, cells were incubated with specific primary antibodies followed by fluorescent-labeled secondary antibodies and mounted onto glass slides using ProLong gold antifade reagent containing DAPI (Invitrogen). Images were acquired and analyzed using an Axiovert 200M inverted microscope (Carl Zeiss) and Axiovision 4.6 software.
Timelapse imaging. Cells were seeded onto 60 mm dishes and placed on a heat-controlled stage of a Zeiss Axiovert 200M microscope. The temperature was maintained at 371C and CO 2 levels were maintained at 5% using a CTI 3700 controller (Carl Zeiss). Phase contrast and fluorescent images were recorded using the AxioCam camera and Axiovision 4.6 software.
Western blot. Mitotic cells were harvested by mechanical shake-off at various time points after taxol addition and lysed with M-Per mammalian protein extraction reagent (Pierce, Thermo Scientific-Pierce, Rockford, IL, USA) containing 10% complete EDTA-free protease inhibitor cocktail (Roche, Basel, Schweiz, Switzerland) and 0.1% phosphatase cocktail inhibitor 1 and 2 (Sigma). Equal amounts of protein were resolved by SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were blocked with 5% skim milk in TBST (50 mM Tris, pH7.6, 150 mM NaCl, 0.1% Tween-20) for 1 h at RT and probed with specific primary and secondary antibodies. Signals were detected by an enhanced chemiluminescence reagent (Amersham Biosciences, Piscataway, NJ, USA).
DNA fragmentation assay. Mitotic cells collected by mechanical shake-off were lysed in 400 ml lysis buffer (200 mM Tris, 100 mM EDTA, 1% SDS) supplemented with 10 ml proteinase K (20 mg/ml). After incubation at 551C for 3 h, 150 ml of saturated NaCl was added and subjected to centrifugation at 10 000 Â g for 20 min. DNA was then ethanol precipitated and analyzed on a 2% agarose gel. In all 10 mg of DNA was loaded in each well.
In-vitro DNA fragmentation assay and TUNEL assay. Mitotic cells collected by mechanical shake-off were lysed on ice in a buffer containing 10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 0.25% Triton X-100 and a protease cocktail inhibitor (Roche). Cell lysates were passed through a 20-gauge needle at least 10 times. Chromosome fractions were collected by centrifugation at 1300 Â g for 10 min. In all 20 mg of DNA was used for the assay. The chromosomes were sheared with 0.6U enzymatic shearing cocktail (Active Motif, Carlsbad, CA, USA) and incubated at 371C at various time points. The reaction was stopped using ice-cold 0.5 M EDTA. Sheared chromosomes were collected by centrifugation at 15 000 Â g for 10 min. Saturated NaCl was added to the supernatant and subjected to centrifugation at 10 000 Â g for 20 min. The supernatant was mixed with ice-cold absolute ethanol and the mixture was centrifuged at 15 000 Â g for 20 min. The pellet was then washed with ice-cold 70% ethanol and centrifuged at 15 000 Â g for 5 min. The DNA pellet was allowed to air dry, resuspended in 20 ml RNase A solution and incubated at 371C for 30 min. Fragmented DNA was analyzed on a 2% agarose gel. TUNEL assay was performed using the in situ cell detection kit (Roche).
Immunoprecipitation and active caspase-3 assay. Protein G-sepharose beads (Zymed, Carlton, CA, USA) conjugated to mouse anti-flag monoclonal antibody (Sigma) were incubated with cell lysates for 3 h at RT. The immunoprecipitates were washed with 150 mM NaCl in TBS and the beads were equally divided into three parts (60 ml each) for the active caspase-3 assay. The beads were first equilibrated in assay buffer (20 mM PIPES, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1% (w/v) CHAPS, 10% sucrose, pH 7.2). Thereafter, the beads were spun down and 30 ng of active human caspase-3 (BD Pharmingen, San Jose, CA, USA) in assay buffer was added to each reaction and incubated at 371C for 15 or 30 min. The reaction was stopped on ice and 5 Â sample buffer was added, boiled at 1001C to denature the protein and separate it from the protein G beads. Products of the caspase-3 assay were analyzed by western blot using rabbit antiflag polyclonal antibody.
